The development of safe and efficacious gene vectors has limited greatly the potential for therapeutic treatments based on messenger RNA (mRNA). Lipid nanoparticles (LNPs) formed by an ionizable cationic lipid (here DLin-MC3-DMA), helper lipids (distearoylphosphatidylcholine, DSPC, and cholesterol), and a poly(ethylene glycol) (PEG) lipid have been identified as very promising delivery vectors of short interfering RNA (siRNA) in different clinical phases; however, delivery of high-molecular weight RNA has been proven much more demanding. Herein we elucidate the structure of hEPO modified mRNA-containing LNPs of different sizes and show how structural differences affect transfection of human adipocytes and hepatocytes, two clinically relevant cell types. Employing smallangle scattering, we demonstrate that LNPs have a disordered inverse hexagonal internal structure with a characteristic distance around 6 nm in presence of mRNA, whereas LNPs containing no mRNA do not display this structure. Furthermore, using contrast variation small-angle neutron scattering, we show that one of the lipid components, DSPC, is localized mainly at the surface of mRNAcontaining LNPs. By varying LNP size and surface composition we demonstrate that both size and structure have significant influence on intracellular protein production. As an example, in both human adipocytes and hepatocytes, protein expression levels for 130 nm LNPs can differ as much as 50-fold depending on their surface characteristics, likely due to a difference in the ability of LNP fusion with the early endosome membrane. We consider these discoveries to be fundamental and opening up new possibilities for rational design of synthetic nanoscopic vehicles for mRNA delivery.
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gene therapy | hEPO mRNA | small-angle scattering | adipocytes | hepatocytes R ecent advances in development of therapeutic modalities based on production of proteins in vivo by administration of mRNA represent a promising approach to treat diseases currently lacking therapeutic alternatives in multiple areas, including among others oncology (1) and cardiology (2) . Compared with therapies based on DNA, mRNA has a greater potential for success because it does not need to enter the cellular nucleus, but unfortunately, it is known that mRNA is able to induce an immune response. Work by Kormann et al. (3) has shown that chemically modified mRNA provides tunable protein expression with minimal immune activation. However, the major challenge for these types of treatments is still the delivery of the long, negatively charged nucleic acid into target cells while avoiding degradation (4, 5) . Viral vectors have a high transfection efficacy but have the potential of eliciting undesirable immune responses (6) . The evaluation of nonviral vectors is particularly topical given the approval by the Recombinant DNA Advisory Committee to allow viral vectormediated gene therapy to progress into the clinical setting, a decision which has been severely scrutinized (7) . Therefore, delivery vehicles based on nonviral cationic species, such as lipids and polymers, have become an attractive alternative because they are able to envelop different types of nucleic acids, deliver them across the cell plasma membrane, and facilitate endosomal escape of the therapeutic molecule (8, 9) .
Currently, formulations of siRNA in lipid nanoparticles (LNPs) formed by a cationic ionizable lipid (CIL) (8) , cholesterol (Chol), distearoylphosphatidylcholine (DSPC), and a poly(ethylene glycol) (PEG) lipid are showing promising results in different phases of clinical research (10) . Development of LNPs based on CILs has been accelerated because such LNPs can be readily produced with high encapsulation efficiency (11) using a microfluidic mixer (12) and show lower toxicity compared with other lipid-based vehicles (10) . Recently, Leung et al. (13) showed that mRNA can be efficiently encapsulated in LNP formulations. The effect, however, of the composition of these formulations on transfection efficacy of mRNA remains to be demonstrated.
An important aspect to consider in the design of LNPs is the effect of particle size on activity. Particle size can be controlled by varying PEG lipid content with smaller LNPs being generated at high ratios of PEGylated lipid (11) . The relationship between particle size and cellular uptake via endocytosis has been addressed in the past decade for different types of particles through application of both theoretical and experimental approaches (14, Significance mRNA treatments represent an exciting approach to cure diseases that cannot be tackled with current therapeutics. However, the delivery of mRNA to target cells remains a challenge, but among the existing alternatives, lipid nanoparticles (LNPs) offer a promising answer to this. Here we determine the structure of LNPs encapsulating mRNA, consisting of a lipid mixture already evaluated in clinical trials. We show that the lipids are not homogeneously distributed across the LNP, and one of the lipids is localized mainly at its surface. The structural information enabled us to design LNPs that successfully modify intracellular protein production in two clinically relevant cell types. Our findings and approach provide a framework for understanding and optimizing vehicles for mRNA delivery.
15). Previous studies have shown conflicting results regarding the optimal size of different types of siRNA-containing LNPs (siRNA-LNPs) and their efficiency in reducing protein levels (16) (17) (18) . These findings indicate that other factors, such as lipid composition and distribution within LNPs, might contribute significantly to the observed effects. From a structural perspective, it has been proposed that the interior of siRNA-LNPs exhibits an internal inverted micellar structure, a so-called L 2 phase, based on molecular dynamics simulations (19, 20) . The current model also proposes that all of the lipids, except for PEG lipid that sits at the surface, are colocalized across the LNPs (20) . These models are, however, not yet supported by empirical experimental data. Knowledge of the structures formed by lipidnucleic acid complexes becomes essential because it is believed that some structural arrangements more efficiently facilitate endosomal escape by promoting membrane disruption (21) . For example, Kim et al. (22) have shown that lipid-based particles with an ordered bicontinuous cubic internal structure have the ability to deliver siRNA with a higher efficiency compared with other lipoplex systems with an internal lamellar arrangement.
In this work, we have investigated the structure, composition, and transfection efficacy of mRNA-containing LNPs (mRNALNPs) and demonstrated size-dependent differences with respect to these characteristics. Furthermore, LNP uptake and protein expression were explored for two different cell types, human adipocytes and hepatocytes, which were selected based on their clinical relevance in s.c. and i.v. administration, respectively. The structure of LNPs was determined using a combination of cryogenic transmission electron microscopy (cryo-TEM), dynamic light scattering (DLS), freeze fracture, and small-angle X-ray and neutron scattering (SAXS and SANS, respectively). We determined the lipid distribution within LNPs using isotopic contrast variation in the SANS experiments. The nanoscale structural information obtained was directly applied to master the formulation of LNPs with optimal size and composition, and we successfully demonstrated how this improves the in vitro transfection efficacy in human adipocytes and hepatocytes.
Results
In Vitro Transfection Efficacy of LNPs of Different Size. LNPs containing human erythropoietin (hEPO) mRNA were formulated with the CIL known as DLin-MC3-DMA. Previously, Jayaraman et al. (23) demonstrated that the most active CILs had pK a values between 6.2 and 6.5, and siRNA-LNPs formulated with DLin-MC3-DMA exhibited the greatest gene-silencing activity among 56 different amino CILs. By applying the protocol of Belliveau et al. (11) , the lipid molar compositions of DLin-MC3-DMA:DSPC:Chol:DMPE-PEG 2000 was varied in the molar ratio 50:10:40-X:X, with the increase in the PEG lipid content directly compensated by a decrease in the Chol content. Typical diameters of siRNA-LNPs range between 30 and 80 nm when the PEG lipid content is decreased from 5 to 0.5 mol %, respectively (11, 16) . In our experiments, the size of mRNA-LNPs was varied between ∼45 and 135 nm (number average diameter, <d> N ), by changing the DMPE-PEG 2000 content from 3 to 0.25 mol %, respectively. A comparison between the size of empty LNPs and mRNA-LNPs is detailed in Fig. S1 . The mRNA-LNPs were significantly larger than empty ones, indicating that mRNA contributes structurally to particle volume and possibly also to the internal structure. Moreover, LNPs formulated with mRNA were found also to be larger than the average values reported for siRNA-LNPs (11, 16) . It must be considered that siRNA has generally between 20 and 25 base pairs, whereas hEPO mRNA has 858 nucleotides. Additionally, the preparation protocol has an effect on the structure of the particles. In this case, LNPs were prepared using the fast mixing precipitation protocol, which was done in a microfluidic mixer (12, 13) . This process is highly reproducible and likely to be used in scalingup processes. Fig. 1 shows LNP-mediated uptake of hEPO encoding mRNA in human adipocytes ( Fig. 1 A-C) and induced pluripotent stem cell (iPSC)-derived hepatocytes (Fig. 1 D-F) , as a function of LNP size and time postdosing. The uptake of LNPs was tracked using 3 H-labeled DSPC as a marker. Although there was no significant size-dependent difference in LNP uptake in hepatocytes, adipocytes exhibited slight variations in uptake based on particle size. In adipocytes, LNPs with a number average diameter of ∼65 nm were taken up more readily compared with smaller and larger average-sized LNPs ( Fig. 1 A and D) . Furthermore, we found that LNP uptake was initiated almost instantaneously (within the first hour) following dosing with the uptake kinetics displaying a plateau after 24 h in adipocytes, whereas in hepatocytes the plateau was reached already after 8 h ( Fig. 1 A and D) . We also observed that although not all LNPs were taken up, about 50% were located intracellularly 48 h postdosing, measured by the disappearance of the 3 H-DSPC radioactivity from the extracellular medium, irrespective of particle size or cell type ( Fig. 1 A and D) .
The kinetic data show that no hEPO was detected before 8 h in any of the cell types, independently of LNP size ( Fig. 1 B and E) ; however, LNPs with a number average diameter of ∼65 nm (1.5 mol % of DMPE-PEG 2000 ) showed significant hEPO production ( Fig. 1 B, C, E, and F) after 20 h. Notably, the protein expression was more than 10-fold higher in hepatocytes, ∼6 hEPO protein molecules per dosed mRNA, than in adipocytes, ∼0.6 hEPO protein molecules per dosed mRNA. Because there are negligible size-dependent differences in LNP uptake, our data thus indicate that the limiting step for protein production is release of the mRNA from endosomes (endosomal escape) and that this process per se is critically dependent on LNP particle size and cell type.
LNP Structure and Composition. Fig. 2 shows electron micrographs of hEPO mRNA-LNPs, which were formulated as previously described for the in vitro studies by varying the content of PEG lipid and Chol. We found that mRNA-LNPs are spherical and have an electron-dense core as reported previously by Leung et al. (19) . Some vesicles were also found in the sample with largest LNPs, whereas some of the smallest LNPs have slight defects or "blebs" as described by Leung et al. (13) . The size distribution was also determined from the cryo-TEM images and correlated well with the average size and distribution as determined using DLS. It is important to note that although low polydispersity has been reported (11) , there was still a slight distribution in size and that the level of distribution was, in itself, dependent on the average size of the particle population. In fact, the overlap of the size distributions for the different preparations ( Fig. 2 D-F) suggests that the dramatic effects observed in hEPO protein production ( Fig. 1 ) might be due either to structural differences between the different preparations or that only LNPs with a size very close to 65 nm lead to efficient endosomal escape. This finding motivated an investigation into the internal structure of mRNA-LNPs to understand the remarkable difference in protein expression as a function of the size of the LNPs. Fig. 3 show SAXS data for LNPs and provides clear evidence for an internal structure of mRNA-LNPs. Notably, the structure is particularly pronounced in the presence of mRNA; that is, the structural peak is almost not present in the LNP sample without mRNA. Furthermore, from Fig. 3B , the structure in mRNALNPs seems to be size invariant, manifested by the fact that all of the curves show a common peak at q ∼ 1 nm −1 , which corresponds to a correlation distance of ∼6 nm. The peak becomes more pronounced as the PEG lipid content decreases; that is, the size of the LNP increases, but the position along the q axis is essentially the same. Because the presence of only one peak does not allow a conclusion regarding the type of internal arrangement, it is not obvious if this internal structure is crucial for the functional response observed previously as a function of the size of the mRNA-LNPs. Thus, further analysis of the lipid distribution on the LNPs was performed using the isotropic contrast variation method in SANS. , where the scattering length density (SLD) of DSPC has the largest difference with the SLD of the solvent compared with the other lipids, shows a distinct bump in the low-q region, whereas the data for the highest D 2 O content do not. This type of scattering curve is similar to those reported for SANS measurements using isotopic contrast variation of core-shell colloidal systems that are sterically stabilized by PEG grafts (24) . Simultaneous fitting of the data in Fig. 4A using a core and two shells model agrees best with the experimental results with a minimum number of fitted parameters. Fig. 4B shows the SLD profiles as a function of the distance to the center of the LNP, and Fig. 4C gives a schematic representation of the model used in the scattering analysis. In this model, the LNP is formed by a core containing DLin-MC3-DMA, Chol, water, and mRNA. The core is surrounded by a layer of ∼2.4 nm in thickness, which corresponds well to a monolayer containing the DSPC and a fraction of the CIL, Chol, and the DMPE portion of the PEG lipid. The second layer is ∼4 nm in thickness, which is commensurate with a PEG lipid layer in a mushroom configuration (25) . This concurs well with the hypothesis proposed by Belliveau et al. (11) that PEG lipids are mainly located on the surface of LNPs and that a larger relative proportion of PEG lipids allows higher surface-to-volume ratios and consequently smaller particle sizes.
The fact that the same core and two-shell model captures the scattering under several contrast conditions suggests that the SLD profiles in Fig. 4B are quite reasonable. Based on these SLD profiles, the composition of the system can be elucidated. The SLD of the solvent is given by the H 2 O/D 2 O ratio and the SLD of the PEG layer varies as it extends into the solvent. The SLD of the core is constant inside the LNP, but it changes as a function of the D 2 O content. The SLD of mRNA also increases as the volume fraction of D 2 O increases because it has labile hydrogens that can be exchanged for deuterium (see values of SLD in Table S1 ). Using the fitted values for the SLDs of the core as a function of the D 2 O content and the known SLD values of the LNP components (Table S1 ) with the established lipid:mRNA mole ratio, it is possible to calculate the water content in the LNP, according to
where v is the volume fraction of the various components. The estimated water volume fraction was 24 (±2)%. The SLD of the lipid monolayer remains constant independently of solvent, which confirms that no solvent is present in this layer as expected. This layer contains all of the DSPC but also DLin-MC3-DMA, Chol, and the DMPE region of the PEG lipid. Provided that all DSPC is located in the monolayer that surrounds the LNP core, it is possible to calculate the surface area per DSPC for this lipid composition, which is on average 1.2 nm 2 per molecule. It has been reported that DSPC in the gel phase has an area per molecule of 0.48 nm 2 (26) , which is smaller than the estimated area per DSPC for all of the LNP sizes (Fig. 4D ). The calculated surface area per DSPC as a function of the PEG lipid content in the LNP (Fig. 4D ), assuming all of the DSPC is at the surface and a volume fraction of water of 24%, shows that the area per DSPC decreases as the particle size increases. That means that as the particle size increases, the DSPC content at the surface increases, whereas the one corresponding to the other lipid components decreases. This observation is consistent with the observed formation of pure DSPC vesicles in Fig. 2C for the larger LNPs. Furthermore, taking into account the data regarding water content and lipid distribution in the LNPs, it is possible to estimate the number of mRNA molecules per LNP as a function of their size (Fig. 4E) .
To gain a better understanding of the structural origin of the peak in the SAXS data in Fig. 3 , we focused on the components that according to the SANS data primarily contribute to the core of the LNP, i.e., DLin-MC3-DMA, Chol, and mRNA. An experiment was designed to replicate the core phase of the LNPs in which these components were dialyzed against a buffer pH 3:ethanol mixture in a 3:1 volume ratio, followed by dialysis against PBS buffer (pH 7.4). The solvents were chosen to emulate the formation of LNPs using the microfluidic mixer and the subsequent dialysis. We also selected polyadenylic acid (polyA), an adenosine monophosphate homopolymer, as a model for mRNA based on simplification of structure and consistent biophysical properties. Fig. 5 A and B show the scattering data of the bulk phase in the presence and absence of polyA for both buffer conditions.
The SAXS data of all of the bulk samples showed two characteristic peaks at q values of ∼1.86 and 3.71 nm −1 that correspond to Bragg spacings of 3.38 and 1.69 nm, respectively. These peaks have been identified previously as Chol monohydrate crystals, present in Chol/lipid mixtures by Huang et al. (27) . To understand the origin of these peaks, we used light scattering to estimate the solubility of Chol nanosuspensions in DLin-MC3-DMA emulsions in the buffer pH 3:ethanol mixture (Fig. 5C ). The measured solubility of Chol corresponded to a DLin-MC3-DMA:Chol molar ratio of 76:24, which is below the commonly employed ratio for the preparation of LNPs of ∼56:44. Because the highest percentage of the Chol nanocrystals were of the anyhdrated form, the solubility of the monohydrate form could be calculated by extrapolating from the work of Jandacek et al. (28) , who report the solubility of anhydrate and monohydrate Chol in triolein at 21°C and 37°C. Based on their data, the solubility of monohydrate Chol corresponds to a DLin-MC3-DMA:Chol molar ratio of 82:18. We found that decreasing the amount of Chol in the samples resulted in a decrease in the intensity of the Chol monohydrate peaks (Fig. S2 ). SAXS and SANS data of LNPs did not indicate the presence of Chol monohydrate crystals. Two-dimensional Chol crystal domains can, however, form in lipid bilayer membranes (29) , and the presence of Chol crystals at the LNP surface cannot therefore be definitively ruled out.
Regarding the structure of the bulk phase of the LNPs, the presence of the three peaks in a q-position ratio of 1:√3:√4 is an indication of the formation of an inverted hexagonal phase, a socalled H 2 phase. This shows that the LNP structure at low pH is formed by water and/or water-mRNA rigid cylinders packed in a hexagonal arrangement. The first peak appears at q = 1.17 nm
and corresponds to a cylinder center-to-center distance of 6.2 nm. In fact, the micrographs of LNPs in this solution of pH 3 with 25% ethanol (Fig. S3) show that the particles are not spherical but more irregular, which is consistent with this type of arrangement. The scattering data from the bulk samples in PBS are strikingly similar to the empty and mRNA-LNPs of comparable size and solvent conditions (Figs. 3A and 5B) manifesting the effect mRNA has on the structure. The sample containing polyA in PBS shows one sharp structural peak at the same position as the first peak of the sample at low pH suggesting a disordered inverse hexagonal phase type structure also at neutral pH. Fig. 5D clearly exhibits channels that correspond to the hexagonal phase rods. These rods have a separation distance of ∼6 nm, which corresponds well to the distance calculated from SAXS. Fig. 5E shows a more disordered phase that upon closer look appear to be distorted channels with a similar distance as observed at low pH. The combination of the SAXS data and the TEM images of the LNPs' bulk phase at neutral pH are further evidence that the LNP cores are not structured in a multilamellar or inversed micellar phase conformation, as it has been proposed previously for siRNA-LNPs (19, 20) . A schematic representation of the proposed internal structure is shown in Fig. 5F . The sample without polyA, however, has a significantly different structure manifested as a broad bump.
Optimizing the Design of LNPs. The structural analysis revealed that the internal structure of the mRNA-LNPs corresponds to a disordered inversed hexagonal phase, irrespectively of their size. However, this does not explain why LNPs with a number average size of ∼65 nm and surface area per DSPC of 1.2 nm 2 gave the maximum protein expression in both adipocytes and hepatocytes. The structural information therefore suggests that surface composition of LNPs plays a major role in transfection efficacy. By varying the lipid composition but maintaining the DLin-MC3-DMA:Chol molar ratio, we formulated LNPs that had different sizes but a constant surface area per DSPC molecule at 1.2 nm 2 (Fig. 6A) . These LNPs were applied in in vitro cellular experiments, comparing them to LNPs with variable surface area per DSPC molecule.
The uptake of the LNPs was, in general terms, consistent with previous results with respect to demonstration that uptake per se is not dependent on particle size albeit being slightly lower than in previous experiments (Fig. S4) . In addition, despite the slightly lower uptake, the number of hEPO protein molecules generated per mRNA molecule did not change for LNPs with an average size of ∼65 nm, and in fact, it showed an excellent reproducibility considering that the experiments were carried out with new cells and new LNPs and a few months apart. Furthermore, this indicates that the limiting step in transfection is not the particle uptake but instead the release of mRNA from the endosomal compartment. Notably, it was observed that the ability of particles with a constant surface area per DSPC to facilitate hEPO protein generation differed from the previously investigated LNPs (Fig. 6 B, C, E, and F). When the surface area per DSPC was kept at 1.2 nm 2 , the LNP transfection efficiency increased markedly with increasing particle size, in both human adipocytes and hepatocytes. In the case of human adipocytes, protein expression was almost three times higher for the largest LNPs with a constant surface area per DSPC, compared with the best performing LNPs (∼65 nm) with a variable surface area. In hepatocytes, protein generation also increased 1.4 times with increased particle size, ∼100 nm vs. ∼65 nm, although a decrease in expression was observed for the largest particles. It should, however, be pointed out that the protein expression for the largest LNPs (<d> N = 130 nm) in both adipocytes and hepatocytes was increased significantly, about 50-fold in the adipocytes, using 1.2 nm 2 per DSPC. Moreover, from previous experiments in hepatocytes the protein expression was below the limit of detection, so the improvement was significant also in hepatocytes. The calculated number of hEPO mRNAs per LNP as a function of size does not change with the surface area per DSPC (Fig. 6D) . It is therefore clear through these data that both surface composition and size of LNPs determine transfection efficacy in vitro in both cell types.
Discussion
LNPs have proven to have potential as delivery vehicles for mRNA in therapeutic treatments. Recently, Pardi et al. (30) reported delivery of LNPs containing luciferase mRNA in vitro (human embryonic kidney and dendritic cells) and in vivo through different administration routes (e.g., i.v. and s.c.). Patel et al. (31) found that modulation of the mTOR pathway could help to enhance or inhibit the LNP-mediated mRNA delivery. Our work focused on revealing the structure and composition of mRNA-LNPs, and based on the data, we propose and apply methods for rational design of LNPs to optimize their performance.
The most striking observation in this work is that the phospholipid DSPC is mainly located at the surface of mRNA-LNPs. The determinant for DSPC localization is still unclear, but the formation of an inverse hexagonal phase between oppositely charged DLin-MC3-DMA and mRNA could be attributed to the segregation of this phospholipid because the curvature of this phase is not favorable for DSPC. The effect of surface area per DSPC on protein expression is also remarkable, considering that this lipid is zwitterionic and forms a lamellar phase on its own.
Thus, DSPC should not contribute toward endosomal escape. Other components at the LNP surface must, therefore, favor this mechanism, especially DLin-MC3-DMA and Chol because it is presumed that the PEG lipid will be shed before cellular uptake. It follows that the DLin-MC3-DMA, which is practically uncharged at physiological pH, can become ionized once endocytosed and entrained in the early endosome compartment. Because these early endosomes are expected to contain negatively charged phosphatidylserine lipids, one may speculate that the LNP cargo might escape by LNPs adhering to and fusing with the early endosomal membrane through electrostatic means. Similar mechanism has been discussed previously by Safinya and coworkers (32) . The concomitant decrease of DLin-MC3-DMA at the surface for the variable surface composition LNPs would be expected as the amount of DSPC increases in this layer, indicated by the small surface area per DSPC as the LNP size increases, approaching almost a pure DSPC monolayer. With larger LNPs containing more mRNA, this scenario would explain the dramatic shift in hEPO production between LNPs of variable and constant surface composition in Fig. 6 . Additionally, we found that the solubility of Chol in the bulk phase was low, and this might suggest an enrichment of Chol and potentially the formation of Chol crystalline domains at the LNP surface. We are currently investigating the presence of these crystals on LNPs because they may contribute to increased endosomal escape. Additionally, the low lipid packing found at the surface of the LNP could support the idea of Chol crystals.
The combined X-ray and neutron scattering data and the electron micrographs obtained from the bulk phase and the disperse phase indicate that the internal structure of mRNALNPs under neutral pH conditions is a disordered inverse hexagonal phase, independent of LNP particle size. From the data in Fig. 5 A and D, the DLin-MC3-DMA/Chol system, in the absence of RNA, clearly forms a regular inverse hexagonal H 2 phase at the LNP preparation conditions, pH 3 with 25% ethanol. At this condition, DLin-MC3-DMA is expected to be fully ionized (apparent pK a 6.44) (23) . The addition of RNA to the LNPs, in pH 3 and 25% ethanol, decreases the order because the second-order peaks become less pronounced. This can be understood as follows: RNA (with its counterions), located inside the aqueous cylinders, screens the charges of the DLin-MC3-DMA, thereby making cylinders more flexible, i.e., decreasing their persistence length. At neutral conditions (PBS, pH 7.4, data in Fig. 5 B and E) , DLin-MC3-DMA will be less ionized, and the nonionic fraction (expected to be significant at this pH) will to some extent act as a solvent, leading to a further decrease of the order in the system. In fact, this phase, when observed by polarized microscopy, is isotropic, which is also consistent with the almost perfect spherical shape of the LNPs (Fig. 2) .
Considering the observed water volume fraction of water (24%) and the calculated volume fraction of RNA (3%), this system is rather concentrated with respect to aqueous mRNA containing cylinders. Currently, based on the lack of validated scattering theories we are not able to discriminate between a disordered inverse hexagonal phase and a concentrated wormlike inverse micellar system (with significant excluded volume interactions). We conclude that in the event of the fusion of a LNP with an oppositely charged membrane, e.g., in the endosomal compartment, the mRNA in either case will be able to diffuse (by reptation) out from the LNPs, thereby being released. Likewise, Koltover et al. (33) previously showed that cationic liposome-DNA complexes that form inverse hexagonal phases have a higher transfection efficacy compared with complexes with a lamellar structure. This may explain the potential superior transfection efficiency of LNPs in contrast to other lipid-based delivery vectors. It does not, however, explain the effect of size on the transfection efficacy.
Regarding the in vitro cell experiments, an important observation based on data reported in this work is that the difference in cellular uptake of LNPs of varying size is rather modest. Gao et al. (14) and Zhang et al. (15) have proposed theoretical models to explain size-dependent endocytosis of nanoparticles. Both studies concluded that the optimal particle size for uptake was ∼50-60 nm. It was suggested that smaller particles were taken up less efficiently due to the energy penalty of the membrane bending, whereas uptake of larger particles is limited by the rate of receptor diffusion within the plane of the plasma membrane to the site of nanoparticle uptake (14, 15) . These models are in agreement with the results relating to uptake of mRNA-LNPs with variable surface composition in adipocytes, but they fail to explain the results specifically in hepatocytes. It is not clear if the results in hepatocytes could be attributed to wider optimal size distribution for uptake or other alternative uptake mechanisms. Moreover, it is important to emphasize that although these nanoparticles have low polydispersity, there is an evident size distribution within each size category of LNPs. This is something that is common for all formulations as shown in Fig. 2 .
There are contradictory results in the literature regarding the optimal particle size of LNPs for RNA delivery. In previous work, Akinc et al. (18) prepared lipidoid-siRNA formulations with constant lipid composition but differing in particle size by extruding particles through membranes with different pore sizes. They found that in vivo efficacy of their lipidoid-siRNA formulation increased as the particle size decreased, and they argued that smaller particles access hepatocytes more effectively. In contrast, Bao et al. (17) showed that the gene silencing activity of siRNA-LNPs was inversely correlated with the amount of PEG lipid. Thus, the largest LNPs with 0.5 mol % of PEG-DMA perform the best, and this was attributed to a better endosome disrupting ability. Recently, Chen et al. (34) investigated hepatic gene silencing potency of siRNALNPs in vivo following i.v. administration. In their work, LNPs with a number-average diameter of 78 nm resulted in the highest gene silencing, compared with smaller and larger LNPs. The authors also showed that the potency of LNPs is related to the content of cationic lipid. In contrast, we report data that demonstrate that particle size alone is not a determinant for the effects of the transfected nucleic acid. Instead, we demonstrate that there is a critical dependence on both particle size and particle surface composition with the latter being behind most of the effect in particle sizes greater than ∼65 nm in size.
Our results indicate that the limiting step in transfection efficacy is the release of mRNA from the (early) endosomal compartment because the uptake of LNPs is not correlated with their optimal size/composition for protein expression. Gilleron et al. (35) estimated that only 1-2% of siRNAs delivered by LNPs escape from endosomes into the cytosol. They proposed that LNPs concentrate in an endosomal compartment that shares characteristics of early and late endosomes. Wittrup et al. (36) have shown that the release of siRNA formulated in lipoplexes and LNPs from the maturing endosomes occurs within 5-15 min of endocytosis. In their work, furthermore, gene knockdown also occurred a few hours after release, whereas in our work we do not detect protein production until 8 h after the administration of LNPs. Therefore, efforts must be focused on designing LNPs that can escape effectively from the early endosome compartment.
In summary, we showed that mRNA-LNPs are able to transfect human adipocytes and hepatocytes in vitro. The data generated regarding the location of the different lipids across the LNP allowed for the design and formulation of a delivery vehicle with improved performance. The increase in protein production is critical because it allows for administration of lower doses, which in turn could contribute to minimize of undesirable toxic side effects from the LNPs (10). In addition, the structural information reported in this work is of importance for future efforts to develop safer delivery vehicles by designing nanoparticles with specific internal structures and surface compositions, resulting in improved bioperfomance of mRNA-LNPs.
Materials and Methods
Materials. The ionizable cationic lipid O-(Z,Z,Z,Z-heptatriaconta-6,9,26,29-tetraem-19-yl)-4-(N,N-dimethylamino)butanoate (DLin-MC3-DMA) was synthesized at AstraZeneca. The 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) was obtained from Avanti Polar Lipids, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000] (DMPE-PEG 2000 ) was obtained from NOF Corporation, and Cholesterol (Chol) was obtained from Sigma-Aldrich. Deuterated DSPC (d83) and Chol (d7) were obtained from Avanti Polar Lipids. The 3 H-labeled DSPC was synthesized at AstraZeneca. Erythropoietin (EPO) mRNA (858 nucleotides) ARCA capped modified with 5-methylcytidine and pseudouridine was purchased from TriLink Biotechnologies. Polyadenylic acid (PolyA) was purchased from Sigma-Aldrich and had a molecular weight range between 600 and 4,000 bases according to analysis by agarose gel electrophoresis in formamide performed by the manufacturer. Hydrogeneous PBS (1 mM KH 2 PO 4 , 155 mM NaCl, and 3 mM Na 2 HPO 4 0.7H 2 O, pH 7.4) was obtained from Life Technologies, whereas deuterated PBS was prepared with D 2 O from Sigma-Aldrich. Citrate buffer was purchased from Teknova, and HyClone RNase free water was obtained from GE Healthcare Cell Culture.
LNP Preparation and Characterization. LNPs were prepared using the microfluidic setup described in detail elsewhere (12) . Briefly, stocks of lipids were dissolved in ethanol and mixed in the appropriate molar ratios to obtain a lipid concentration of 12.5 mM (1.85 mg/mL). In the experiments that required radiolabeled DSPC, 1.8 nmol radiolabeled 3 H-DSPC was added per formulation, which corresponds to a radioactivity of 5 MBq per formulation. mRNA was diluted in RNase free 50 mM citrate buffer pH 3.0 to obtain a mRNA:lipid weight ratio of 10:1 (CIL:nucleotide 3:1 molar ratio). Empty LNPs were also prepared using 50 mM citrate buffer as the aqueous phase. The aqueous and ethanol solutions were mixed in a 3:1 volume ratio using a microfluidic apparatus NanoAssemblr, from Precision NanoSystems Inc., at a mixing rate of 12 mL/min. LNPs were dialyzed overnight against 500× sample volume using Slide-A-Lyzer G2 dialysis cassettes from Thermo Scientific with a molecular weight cutoff of 10 K. For SAXS, SANS, and cryo-TEM measurements, the particles were concentrated after dialysis to ∼90 mg/mL of lipid using Amicon ultracentrifugation filters. The size of LNPs was determined by DLS measurements using a Zetasizer Nano ZS from Malvern Instruments Ltd. The number-and volume-weighted particle size distributions were calculated using a particle refractive index of 1.45. The particle concentration (number of LNPs per volume), surface area, and mRNA molecules per LNPs were computed using known molecular volumes (Table S1 ) and the particle composition, including the water content. The encapsulation and concentration of mRNA were determined using the RiboGreen assay. The encapsulation in all of the samples was typically 90-99%. All of the samples were prepared within a week of use to ensure the chemical stability of the components and no history-dependent in vitro efficacy.
Preparation of Bulk Phases of LNPs. DLin-MC3-DMA and Chol were dissolved in ethanol and mixed in the appropriate molar ratio to a lipid concentration of 50 mM (23 mg/mL). A total of 1.385 mL of the lipid mixtures were placed in Slide-A-Lyzer G2 dialysis cassettes from Thermo Scientific with a molecular weight cutoff of 10 K with polyA (0.415 mL of 16.4 mg/mL polyA in water, 3:1 CIL:nucleotide molar ratio) to a total final volume of 1.8 mL. The samples were mixed inside the dialysis cassette and placed rapidly in the dialysis buffer. The final concentrations of the lipid mixture and polyA were 21.1 and 2.9 mg/mL, respectively. The samples were dialyzed initially for 2 d against 900 mL (×500 volume of the sample) 50 mM citrate buffer pH 3:ethanol 3:1 by volume mixture, followed by dialysis for 2 d against 900 mL of PBS buffer. The supernatant was removed from the cassettes, and the solid dispersions were extracted and characterized using SAXS.
Patient Consent. Samples of adipose tissues were collected from patients undergoing elective surgery at Sahlgrenska University Hospital in Gothenburg, Sweden. All study subjects received written and oral information before giving written informed consent for the use of the tissue. The studies were approved by The Regional Ethical Review Board in Gothenburg, Sweden.
Isolation and Culture of Human Adipose-Derived Stem Cells. Human s.c. white adipose tissue was obtained from healthy women undergoing elective fat removal. Human adipose-derived stem cells (hASCs) were isolated from the stromal vascular fraction as described in Bartesaghi et al. (37) and cultured in a growth medium DMEM/Ham's F-12 with 10% FBS, 10 mM Hepes, 33 μM biotin, 17 μM pantothenate, 1 nM Fibroblast growth factor (bFGF), all from Sigma-Aldrich, 50 U/mL penicillin and 50 μg/mL streptomycin at 37°C, 5% CO 2 in air with 80% humidity. For adipocyte differentiation, 90% confluent cells were treated with DMEM/F12 with 3% FCS (PAA; Gold) supplemented with 1 μM dexamethasone (Sigma), 500 μM 3-isobutyl-1-methyxanthine (IBMX; Sigma), and 100 nM insulin. To promote white adipogenesis, 1 μM pioglitazone (Pio) was included in the differentiation medium. Media was changed every other day during proliferation and differentiation, until fully differentiated (day 14). hASCs were tested for and free of mycoplasma.
Culture of iPSC-Derived Hepatocytes. iPSC-derived hepatocytes (iCell Hepatocytes; Cellular Dynamics International) were cultured in line with the manufacturers protocols. Human hepatocytes were validated by hepatic morphology, hepatic protein staining, and hepatic Cytochrome P450 activity (for details, see https://cellulardynamics.com/). Briefly, cells were thawed rapidly and transferred to prewarmed (37°C) Kryothaw media (KryoThaw-I-250B; SciKon). Viable cells were isolated by centrifugation at 110 × g for 10 min. Pelleted cells were resuspended in room temperature RPMI medium (Life Technologies) containing 1:50 dilution of B27 (Life Technologies), 20 ng/mL Oncostatin M (R&D Systems), 1 μM dexamethasone (Fisher Scientific), and 25 μg/mL Gentamicin (Life Technologies). Cells were plated at 300,000 cells/cm 2 in 96-well Biocoat plates (Becton Dickinson) in the above described media at room temperature with the media further supplemented with 250 μg/mL Matrigel (Becton Dickinson) and transferred to an incubator (37°C, 5% CO 2 ). Following a 4-h incubation, the medium was substituted to RPMI media containing 1:50 dilution of B27, 20 ng/mL Oncostatin M, 0.1 μM dexamethasone, and 25 μg/mL Gentamicin (Life Technologies) and also containing 250 μg/mL Matrigel as before. Twenty-four hours later, media was substituted to Williams E medium (Life Technologies) containing 1:25 dilution of Hepatocyte maintenance mixture B (Life Technologies) and 0.1 μM Dexamethasone. Media was exchanged every 24 h using the latter described media over the next 4 d to allow maturation before subsequent experimental procedures. The iPSC derived hepatocytes have been extensively characterized based on morphology and protein markers definitive for hepatocytes (including, e.g., albumin and cytochrome P450 enzyme) as well as functionality representative of hepatic biology. iPSC were tested for and free of mycoplasma.
LNP Uptake and hEPO Quantification. Fully differentiated primary white adipocytes and iPSC-derived hepatocytes were treated with 125 ng of radiolabeled mRNA-LNPs in the presence of 1% human serum. LNP uptakes were quantified using a microbeta luminescence counter (PerkinElmer) as function of time. Uptake of LNPs is expressed as the percent of hEPO mRNA dosed as a function of time. Human Erythropoietin Quantikine IVD ELISA Kit (R&D System) was used to quantify the hEPO levels in culture media collected at several time points post-NP transfection. Data are reported as number of hEPO expressed per mRNA dosed as a function of time or after 48 h of initial dosing. The data correspond to triplicates, which is a standard choice when it comes to biological replicates in in vitro cell biology experiments. The experiments also showed high reproducibility, which enables SD calculations.
Small-Angle X-Ray Scattering. SAXS experiments were performed using a Ganesha 300XL instrument from SAXSLAB Aps. This instrument is equipped with a Genix 3D microfocus source generating X-rays of a wavelength λ = 0.154 nm. The method measures the scattered intensity on a 2D 300 K Pilatus detector as a function of the momentum transfer, q. The setup employed for the measurements was a two-pinhole system with a beam stop size of 2 mm and a sample-to-detector distance of 350 mm, which leads to a q range of 0.14 < q (nm −1 ) < 7.53. The measurements of LNPs were carried out with reusable quartz capillaries of 1.5 mm diameter from Hilgenberg GmbH. The concentration of the samples for these measurements was 10-12 mg/mL of lipid. Each sample was measured for 2 h. The data presented are background subtracted, where the background corresponds to the buffer measured in the same capillary. The samples corresponding to the bulk phases were measured for 30 min in a thermostated sandwich holder with disposable mica windows. All of the samples were placed in a thermostated block connected to a circulating water bath to maintain the temperature at 25°C.
Small-Angle Neutron Scattering. SANS experiments were performed using the KWS-2 instrument operated by Jülich Centre for Neutron Science (JCNS) at Forschungs-Neutronenquelle Heinz Maier-Leibnitz (38) . These measurements are based on the interactions of neutrons with matter, which are scattered by the atomic nuclei. The contrast of a specific material is known as the scattering length density (SLD). Table S1 shows the SLD for neutrons and X-rays of the different lipids and RNA. Three different instrument setups were employed: 1.2-and 7.8-m sampleto-detector distance with a neutron wavelength λ = 0.5 nm and 20-m sampleto-detector distance with λ = 1 nm. These configurations cover the q range of 0.0133 < q (nm −1 ) < 4.11. The measurements were done in Hellma quartz disk-shaped ("banjo") cuvettes of 1-and 2-mm path length. LNPs were diluted in the appropriate solvent ratio of D 2 O/H 2 O to a final concentration of 3 mg/mL. The samples were placed in a thermostated block to maintain the temperature at 25°C. The measurement time was adjusted between 0.5 and 3 h depending on the recorded scattering intensity. The data were background subtracted (solvent) and corrected for empty cell and transmission.
Small-Angle Scattering Data Evaluation. The analyses of the small-angle scattering (SAS) data were performed using the software SasView. The lipid composition across the LNP was determined using the sample with the lipid molar composition DLin-MC3-DMA:DSPC:Chol:DMPE-PEG 2000 of 50:10:38.5:1.5, using deuterated DSPC and Chol. The SANS data from the isotopic contrast variation experiments were fitted using the OnionExpShellModel that describes the form factor of a core-multishell sphere where the SLD of the shell can have an exponential decay. The parameters to fit were the thickness of the lipid monolayer and PEG layer, the radius of the core, the SLD of the core and the lipid monolayer, and the exponential decay factor for the SLD of the PEG layer. These parameters were optimized using the simultaneous fitting option with the complex ParkMC fit engine.
Cryogenic Transmission Electron Microscopy of LNPs. Cryo-TEM experiments were performed as described by Bello et al. (39) . A small drop of a concentrated LNP formulation (lipid concentration of 10-20 mg/mL) was placed on a polymer-coated carbon-reinforced copper grid. The grid was bloated with a filter paper to remove the excess of liquid to form a thin film. The samples were vitrified rapidly in liquid ethane at −180°C to prevent crystallization of water. The preparation was done immediately before examination, and they were kept below −165°C during the experiment. Cryo-TEM measurements were performed using a Zeiss Libra 120 instrument from Carl Zeiss Nano Technology System operated at 80 kV. The images were recorded with a CCD camera from TRS GmbH and processed with iTEM software from Olympus Soft Imaging Solutions GmbH. The size distributions were calculated from three high-quality images for each LNP sample (>100 particles for each LNP formulation).
Freeze Fracture of Bulk Phases. Small amounts of the bulk phase samples were placed on small gold cups and rapidly frozen in liquid propane. Three samples were prepared at each freeze fracture preparation, and five freeze fracture preparations were performed, i.e., 15 areas to image. The rapidly frozen bulk phase samples were then transferred into a precooled (−170°C) vacuum chamber of a Balzer BAF 400 freeze etching system and put under vacuum immediately. The samples were tempered to −105°C before the freeze fracture, and then they were etched to enhance the structure at the newly fractured surface through sublimation of water by placing a cold trap above the sample. Subsequently, they were rotary shadowed by first platina at an angle of 45°followed by carbon at an angle of 80°. The platina and carbon were evaporated on the fractured surface under vacuum at −105°C. The thicknesses of the deposited metals were controlled with a quartz crystal monitor, which gave a thickness of the evaporated platina layer of 2 nm. The samples were cleaned from the metal replicas using solvents and acid. The clean replicas were then placed on 400 mesh copper grids before analysis in a transmission electron microscope LEO 906 E at an accelerating voltage of 80 kV.
Solubility of Chol Nanocrystals in DLin-MC3-DMA Emulsion. A DLin-MC3-DMA emulsion was prepared with a concentration of 11.45 mg/mL in a 50-mM citrate buffer pH 3:ethanol mixture 3:1 by volume with 1.9 mg/mL of DMPE-PEG 2000 as stabilizer. The sample was placed on an ultrasonic bath (Elma Transsonic Bath T460/H) for ∼30 min followed by sonication in a focused ultrasonic bath (Covaris S2) at high intensity for 20 min at 18°C. The emulsion had an average size of 150 ± 10 nm as measured by DLS (zetasizer Nano ZS; Malvern Instruments Ltd). Chol nanocrystals were manufactured by wet milling. A suspension of 9.2 wt % Chol with 2 wt % of DMPE-PEG 2000 in milli-Q water was sonicated in an ultrasonic bath for 30 min, stirred over night at room temperature, and sonicated again before milling. Wet milling of 550 μL of sample was performed using a Fritsch
Planetary Micromill P7 equipped with 1.2 mL milling bowls and 0.6-0.8 mm milling beads of zirconium oxide, at 44 × g, for 4 × 30 min, with 15 min pauses in between. The sample was extracted from the milling vessel, and the beats were rinsed four times with 550-μL aliquots of milli-Q water. The final concentration of Chol and DMPE-PEG 2000 was determined by HPLC. Chol nanosuspension had an average size of 160 nm as measured using a Mastersizer 2000 (Malvern Instruments Ltd.). The solubility of Chol at 25°C in the DLin-MC3-DMA emulsion in 50 mM citrate buffer, pH 3:ethanol 3:1 by volume mixture was determined by recording the intensity of the light scattered with a luminescence spectrometer (Perkin-Elmer LS 55) as described by Lindfors et al. (40) . The solubility was determined by a extrapolating a linear fit to the high-concentration data to the line of zero intensity. All of the samples were prepared with a fixed concentration of DLin-MC3-DMA (1 mM) and varying concentration of Chol (between 0.05 and 1 mM), and they were left stirring overnight. The mixtures were further diluted by a factor of 100 before the measurements. The emission and excitation wavelengths were set to 700 nm, and the scattered intensity was recorded at an angle of 90°.
